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In order to achieve nondestructive observation of the three-dimensional spatially resolved electronic structure of solids, we have developed a scanning photoelectron microscope system with the capability of depth profiling in electron spectroscopy for chemical analysis (ESCA). We call this system 3D nano-ESCA. For focusing the x-ray, a Fresnel zone plate with a diameter of 200 μm and an outermost zone width of 35 nm is used. In order to obtain the angular dependence of the photoelectron spectra for the depth-profile analysis without rotating the sample, we adopted a modified VG Scienta R3000 analyzer with an acceptance angle of 60
• as a high-resolution angle-resolved electron spectrometer. The system has been installed at the University-of-Tokyo Materials Science Outstation beamline, BL07LSU, at SPring-8. From the results of the line-scan profiles of the poly-Si/high-k gate patterns, we achieved a total spatial resolution better than 70 nm. The capability of our system for pinpoint depth-profile analysis and high-resolution chemical state analysis is demonstrated. 
I. INTRODUCTION
With the evolution of nanotechnology, there is a critical requirement for the nanoscale analyses of device structures and self-assembled structures. In particular, it is important to investigate the nanoscale distribution of electronic structures and chemical states along depth as well as lateral directions in order to understand the mechanisms and characteristics of complicated nanostructure species such as stacking structures in semiconductor devices and the surface/interface reactions of catalytic materials.
Photoelectron spectroscopy or electron spectroscopy for chemical analysis (ESCA) is one of the most powerful techniques for investigating the electronic characteristics of solids, such as chemical bonding states, chemical-potential shifts, the work function at the surface, and electronic structures. ESCA equipped with a focused light probe has been used to realize spatial distribution analysis of an electronic structure while providing the advantages of ESCA. This combined system is called a scanning photoelectron microscope (SPEM). SPEM using synchrotron radiation (SR) has been realized at Elettra, 1, 2 ALS, 3 NSRRC, 4 PLS, 5, 6 and many other synchrotron facilities. The advantage of SPEM over other microscopic techniques like photoemission electron microscopy 7 is that an ESCA analysis using SPEM provides a) Electronic mail: horiba@sr.t.u-tokyo.ac.jp.
detailed electronic and chemical information. However, a normal SPEM system, and other microscopic techniques, enables us to obtain the information only for lateral distributions of the electronic structures in two dimensions. One can obtain the depth information by removing gradually materials from the sample surface by ion sputtering. However, such a destructive analysis involves risk of misleading due to degradation of the sample during the destructive process. In this paper, we report a newly developed SPEM system with a nondestructive depth profiling analysis capability for three-dimensional (3D) spatially resolved ESCA analysis of solids. We call this system 3D nano-ESCA. 8 The concept of 3D nano-ESCA is illustrated in Fig. 1 . A SR x-ray beam is focused to nanometer size on the samples. We can obtain the lateral (x and y directions) distribution of photoelectron spectra by scanning the samples along the lateral directions and acquiring the photoelectron spectrum at each point. This is the typical scheme with SPEM. In addition to SPEM measurements, we simultaneously detect the angular distribution of emitted photoelectrons using an angle-resolved photoelectron spectrometer. The angular distribution corresponds to the probing-depth dependence of the photoelectron spectra and can be converted into the depth profiling information (z direction) using maximumentropy methods (MEM). 9 Thus, we can obtain the threedimensional x, y, and z distribution of the electronic structure and chemical bonding states of the samples on a nanometer scale. Figure 2 shows the schematic illustrations of the 3D nano-ESCA system. This system has been installed at the University-of-Tokyo Outstation beamline, BL07LSU, 10 at SPring-8. As shown in the figure, the SR x-ray beam enters the ultra high vacuum (UHV) chamber of the 3D nano-ESCA system. In the UHV chamber, a Fresnel zone plate (FZP) and an order-sorting aperture (OSA) are mounted on three-axis stages (Kleindiek Nanotechnik GmbH, LT6820XEYEZE-UHV) for precise alignment of optical components.
II. SYSTEM DESCRIPTION

A. Hardware overview
For focusing, we use a 200-μm-diameter FZP (NTT-AT) patterned on a 700 μm × 700 μm SiC membrane fabricated on a Si substrate; the FZP has a 100 μm center stop and zone patterns with an outermost zone width ( r) of 35 nm. The OSA is an 80 μm pinhole placed between the FZP and the sample for extracting only the focused beam from the first-order diffraction. The OSA is designed to shield the spectrometer from secondary electrons produced at the FZP and OSA.
The theoretical spot size of an FZP can be expressed by Eq. (1) (Ref. 11) as the square root of the sum of the squares of (1) the diffraction-limited resolution of the FZP, δ i (obtained by applying the Rayleigh criterion), (2) the geometrical reduction ratio of the FZP, δ g , which depends on the source size σ , the source-optic distance p, and the optic-specimen distance q, and (3) the chromatic aberration, δ c , which depends on the FZP diameter, 2r, and the energy resolution of the SR x-ray ( E/E), 
In order to eliminate the effect of the geometric reduction ratio, the 3D nano-ESCA system is set downstream from the exit slit of the beamline (imaginary source point of the x-ray) at a distance of 16 m. 10 Since the focal length of our 200-μm-diameter FZP is calculated to be 5.6 mm at a photon energy of 1000 eV, the reduction ratio q/p is reduced to ∼1/3000. Therefore, for a suitable energy resolution of the SR, the spatial resolution is limited by a function of the diffraction-limited resolution δ i = 1.22 r/m = 42.7 nm (where m is the diffraction order).
The FZP focuses the SR at a nanometer scale on the samples mounted on a sample stage. The scanning sample stage consists of a combination of a three-axis high-stability manipulator (TOYAMA Co., Ltd.), a differentially pumped rotary feedthrough (DPRF) stage, and a two-axis piezo scanner (Physik Instrumente GmbH, PI-734). The three-axis manipulator is used for coarse sample movement perpendicular to the SR beam axes in the horizontal (x) and vertical (y) directions, as well as along the incident SR beam axis (z). The DPRF stage is used for adjusting the incident beam angle and the photoelectron emission angle detected by the photoelectron spectrometer. The manipulator and DPRF stage are driven using stepping motors; these stepping motors are placed outside the UHV chamber to avoid leakage magnetic fields from the motors, which may affect the emitted photoelectrons. The two-axis piezo scanner is used for precise sample scanning along the x and y directions for SPEM measurements with a maximum scan range of 100 μm × 100 μm and an accuracy of 2 nm. Behind the scanning sample stage, a multichannel plate (MCP) detector is placed to detect the shape and flux of the transmitted photon for optical alignment or measurements in the transmission mode.
An angle-resolved photoelectron spectrometer is attached to the UHV chamber at an angle of 60
• from the incident SR beam. In order to achieve high energy resolution and a wide acceptance angle, a modified angle-resolved photoelectron spectrometer (VG scienta R3000) with an extremely wide angle lens (EWAL) and a two-dimensional (energy and angular distributions) detector are utilized. The acceptance angle of the EWAL is 60
• ; the energy resolution and angular resolution of the spectrometer is better than 2.5 meV and 0.9
• , respectively. From the measurement configuration of our system, shown in the inset of Fig. 2(a) , we can simultaneously detect the angular distribution of photoelectron spectra within a range of 30
• -90
• from the direction perpendicular to the sample surface. The two-dimensional detection system is based on an MCP detector monitored by a FireWire CCD camera. The angular distribution of photoelectron spectra can be recorded in a flash by taking a snap shot of the detector image, covering a kinetic-energy range of 12% of the pass energy and an angular range of 60
• . By combining snap-shot detection and high-speed piezo scannning, we can obtain a photoelectron-intensity mapping within 50 ms per pixel.
B. Data analysis for depth profiling
For the characterization of three-dimensional distributions of the electronic structures, depth profiling analysis is one of the most critical techniques. In fact, angle-resolved photoemission spectroscopy is a powerful, non-destructive analytical method to determine the atomic concentration and the chemical bonding states as a function of depth in solids. The variation in photoemission spectra by changing the photoelectron emission angle arises because the photoelectrons at a given depth must travel through more material as the emission angle is increased, so that the probability of inelastic photoelectron scattering increases. As a result, the surface sensitivity of grazing-emission measurements is enhanced relative to that of normal-emission along the perpendicular direction to the sample surface.
Based on simple exponential attenuation for the photoelectrons traveling in solids, the intensity contribution from a given depth, z, at the emission angle, θ e , is expressed by Eq. (2) as
where λ is the inelastic mean free paths of the solids. Then, for example, in the case of a uniform film with thickness d on a substrate, the total photoelectron intensity from the film I F and the substrate I S are given by Eq. (3).
Therefore, the thickness of the film, d, can be calculated from the photoelectron intensity ratio as
In the case of more complicated depth profile structures, some difficulties arise for the reconstruction of the depth profile from angle-resolved photoemission data because the problem is fundamentally under-determined, such that many different reconstructions (in principle, an infinite number) can appear to satisfy the constraints imposed by the set of angleresolved measurements. Furthermore, the data are relatively noisy, particularly for elements present in low concentrations or buried deeply in the film, causing the reconstructed profiles to be extremely sensitive to small, not necessarily real variations in the data. MEM has proven to be a powerful tool for constructing concentration versus depth profiles from angleresolved photoemission measurements. 9, 12 The key concept of this method is that it minimizes artificial correlations within the data by proposing a reconstruction that agrees with the data but has the minimum amount of information. In order to find this reconstruction, the problem can be described mathematically as one in which a regularization function must be maximized. It can be shown that the appropriate regularization function has the same form as the well-known expression for entropy. A useful expression for the entropy, S, is given by
where n i, j is the proportion of element i at depth j and m i, j is the initial estimate for the proportion of element i at depth j in the absence of any data to the contrary. The logarithmic term in the equation forces the proportions of the elements in the reconstruction to be positive. The MEM solution for the angular distribution of photoelectron spectra is obtained by searching for a maximum S for all possible depth profiles n i, j , subject to the condition that the calculated data agree with that measured, within the noise. This condition is imposed by ensuring that the weighted sum of squares error, χ 2 , is consistent with the uncertainty in the data. Thus, the MEM analysis involves the process of maximizing the joint function, Q, combining χ 2 and S with the regularizing coefficient, α, as
Sometimes, ambiguity in the parameter of α brings a different output at particular cases in MEM analysis. Without proper bounds on the magnitude of α, one could conclude incorrect results of thickness and composition in the film. Therefore, it is necessary to optimize α elaborately by performing an empirical simulation.
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III. EXPERIMENTAL RESULTS
A. The depth profiling capability of the system using angular distribution of photoelectron spectra
In order to demonstrate the depth profiling capability of the system using the angular distribution of photoelectron spectra, simultaneously detected angle-resolved Si 2p photoelectron spectra of 2.5-nm-thick SiON thin films on Si substrates were obtained at an excitation photon energy of 870 eV, as shown in Fig. 3(a) . Sharp two-peak structures at a kinetic energy of around 765 eV and broad peak structures at around 762 eV are derived from the Si substrates and SiON films, respectively. By increasing the emission angle, the intensity of the peak from the SiON films increases, and the peak from the Si substrates disappears, since the grazingemission condition is more sensitive to the surface.
The thickness of the SiON films, d, is represented by Eq. (4) as
where λ SiON is the inelastic mean free paths of the SiON films; I SiON , the experimental photoelectron intensity from the SiON; and I Si , the photoelectron intensity from the Si substrates. R 0 for SiON films on Si substrates is taken as 0.9329. 13 Our experimental data fit very well with this theoretical line for emission angles below 65
• , as shown in Fig. 3(b) . The discrepancy between the experimental data and the theoretical line above 65
• is because of the influence of the elastic scattering of photoelectrons in solids.
14 The thickness of the SiON is determined from this analysis to be 1.33λ, which is a reasonable value since the thickness is 2.5 nm in the case of λ = 1.88 nm. 15, 16 Therefore, we confirm that precise depth information on solids can be obtained from the angular distribution of the photoelectron spectra using this system.
To determine depth profiles of atomic concentration and chemical states using MEM analysis for a more complicated case, we have also analyzed the angular distribution of corelevel photoemission spectra for HfO 2 /SiO 2 stack films fabricated on Si substrates. Figure 4(a) shows the core-level intensity ratio as a function of emission angle in HfO 2 /SiO 2 stack films on Si substrates. Experimental data are simulated by MEM depth profiling using prior model depth profiles as shown in Fig. 4(b) and a regularizing coefficient, α, of 5 × 10 −4 . 9 A depth resolution of 1 nm is applied to depth profiles by convolution of Gaussian functions. 17 Optimized depth profiles explicitly exhibit double layer structures of HfO 2 and SiO 2 components, which is in good agreement with the cross-sectional transmission electron microscope (TEM) image shown in the inset of Fig. 4(b) , indicating that we have succeeded in obtaining precise depth profiles for such complicated stacking structures using our MEM analysis.
B. Photoelectron imaging and spot-size estimation
For testing our system, we carried out SPEM measurements on nano-patterned poly-Si gate electrodes fabricated on high-k gate-stacking structures of HfO 2 /SiO 2 /Si, as shown in Fig. 5(a) . Figure 5(b) shows the Hf 4f photoelectron intensity mapping of the poly-Si/HfO 2 gate electrode patterns with a gate width w g of 1000 nm. The dark positions of the image correspond to the poly-Si gate electrodes fabricated on HfO 2 , reproducing the shape of the pattern well for the top view of the structure, shown in Fig. 5(a) . The spatial Si sub.
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Top View Cross-Sectional View resolution is estimated from a line profile at the edge of the gate pattern along line A in Fig. 5(b) . The Hf 4f intensity profile in Fig. 5(c) is fitted using a step function convoluted with a Gaussian function, and the full width at the half maximum of the Gaussian function under the best-fit condition is determined to be 70 nm. Therefore, we have confirmed that the spatial resolution better than 70 nm is achieved. This is almost equal to the theoretical value of 66.1 nm. From our present experimental conditions with a source spot size σ of 100 μm and energy resolution of the SR x-ray E/ E of ∼ 5000, the total spot size (the spatial resolution) is calculated by Eq. (1) to be (42.7 nm) 2 + (30.7 nm) 2 + (40 nm) 2 = 66.1 nm. Figures 6(a) and 6(b) show the drain-current map and Hf 4f photoelectron-intensity map, respectively, of the gatestacking structure illustrated in Fig. 5(a) , with a gate width of 200 nm. Since the drain current originates from the compensation of the charge loss due to the emission of secondary electrons, the drain-current map corresponds to the image obtained using a conventional scanning electron microscope. In both maps, the shape of a gate line with a width of 200 nm is clearly observed. On the drain-current map, we can see some contrast between the Si substrates and the SiO 2 shallow trench isolation (STI) layers under the HfO 2 films, probably due to the difference in the electrical conductivity of the underlayers. On the other hand, on the Hf 4f photoelectron-intensity map, the contrast between the Si substrates and the SiO 2 STI layers disappears because the top HfO 2 layers have the same composition and thickness. Nevertheless, different levels of contrast are observed between the edge and inner sides of the gate-stacking structure on the Si substrates, suggesting that some variations occur at the inner side of the HfO 2 layers.
C. Pinpoint chemical state analysis
In order to clarify the origin of the contrasts between the edge and inner sides of the HfO 2 layers on the Si substrates, we carried out a detailed analysis of the high-resolution photoemission spectra for different sample positions, at the points *a and *b in Figs. 6(a) and 6(b). The Hf 4f and O 1 s core-level photoemission spectra along with the results of the curve fitting analysis are shown in Figs. 6(c) and 6(d). In the Hf 4f spectra at *b, the intensity of the Hf-silicate component 18, 19 increases and a Hf-silicide component [20] [21] [22] appears, compared with the spectra at *a. Furthermore, in the O 1 s spectra, the intensity of the Hf-oxide component in the spectra at *b significantly decreases. Note that we can detect the very minor Hf-silicide component, the spectral intensity of which is not more than 0.2% of that of the main peak. From these results, we have found that a reduction in the HfO 2 thickness and some intermixing reactions between the HfO 2 and SiO 2 interfacial layers occur at the inner sides of the HfO 2 layers on the Si substrates. The origin of this inhomogeneity can be explained by a problem during the Ar + ion etching process for forming poly-Si gate patterns. Since the poly-Si/HfO 2 stacking layers on the STI region are positively charged during ion etching, the etching rates can change between the peripheral region and the inner region of the gate patterns depending on the distance from the STI region. Thus, we have demonstrated the capabilities of our system and the importance of a pinpoint chemical state analysis with high energy and spatial resolutions for developments in nanotechnologies.
IV. SUMMARY
We have developed a scanning photoelectron microscope system 3D nano-ESCA with depth profiling ESCA capability. For focusing the x-ray, a FZP with a diameter of 200 μm and an outermost zone width of 35 nm is used. In order to obtain the angular dependence of the photoelectron spectra for the depth profiling analysis without rotating the sample, we used a modified VG Scienta R3000 analyzer with an acceptance angle of 60
• as a high-resolution angle-resolved electron spectrometer. The system has been installed at the University-of-Tokyo Materials Science Outstation beamline, BL07LSU, at SPring-8. From the results of the line-scan profiles of the poly-Si/high-k gate patterns, we have achieved a total spatial resolution better than 70 nm. The capability of our system for pinpoint depth-profile analysis and high-resolution chemical state analysis is demonstrated. We believe that this system is a powerful tool for investigating nanoscale depth profiles and interface electronic structures on artificial and also self-assembled nanostrucutres, such as semiconductor devices, nano-catalyst, nanoscale phaseseparation phenomena, and so on.
